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Organic thin film photoconductors (OTFPs) are expected to have wide appUcations in the field of optical 
communications, artificial vision and biomedical sensing due to their great advantages of high flexibility 
and low-cost large-area fabrication. However, their performances are not satisfactory at present: the value of 
responsivity (R), the parameter that measures the sensitivity of a photoconductor to light, is below 1 AW"\ 
We believe such poor performance is resulted from an intrinsic self-limited effect of present bare blend 
based device structure. Here we designed a PIN architecture for OTFPs, the PIN device exhibits a 
significantly improved high R value of 96.5 AW"\ The PIN architecture and the performance the PIN 
device shows here should represent an important step in the development of OTFPs. 

Photoconductors have great applications in the field of optical communications, artificial vision and biome- 
dical sensing^"^ In recent years, inexpensive, ultrathin and stretchable photoconductors are highly 
demanded in order to meet the rapidly growing requirements in real applications^"^. For this purpose, 
organic tt- conjugated small molecules and polymers are selected as excellent material candidates for such 
photoconductor devices^. However, exciton binding energies in organic materials are quite high (0.3 to 1 eV) 
due to their low dielectric constants (2 to 4), hence photogenerated excitons usually cannot be dissociated into free 
charge carriers by the thermal energy at room temperature^ ^ and a donor/acceptor interface is usually needed to 
separate the tightly binded electron-hole pairs. Thereby donor:acceptor blend films are commonly used in 
organic photoelectric devices as active layers to ensure that enough free photo carriers can be generated^"^\ 

Poly(3-hexylthiophene) (P3HT)/6,6-phenyl-C61 -butyric acid ethyl ester (PCBM) has been widely used as a 
classic donor/acceptor combination (P3HT is P-type semiconductor and PCBM is N-type semiconductor), and 
serves as a solid base for fundamental studies and conceptual demonstrations in organic photoelectric devices^^"^^ 
For the development of organic thin film photoconductors (OTFPs), in the early days Peet et al.^^ tried to enhance 
the performance by optimizing the nano-morphology of the P3HT:PCBM blend film to maximize the number of 
free photo carriers. Later, Liao et al.^^ used [70]PCBM (analogue of PCBM and displays improved light absorp- 
tion^^) to replace the PCBM in the blend, the device performance is improved due to the enhanced light 
absorption. Recently, Li et al.^^ successfully further improved the performance of the P3HT:PCBM photocon- 
ductor using a substrate with patterned photonic crystals (which increases the reflection light and hence increases 
the light absorption of the blend film). However, performances of these devices remain unsatisfactory: respon- 
sivity (R), the parameter characterizing the sensitivity of a photoconductor to light, is below 1 AW~\ Realizing 
high-performance OTFPs still remains a big challenge today. 

Organic materials show innate nature of high absorption coefficients (exceeding 10^ cm"^)^, which is a big 
advantage for them to serve as active layers in photoconductor devices. In present OTFPs, a donor:acceptor blend 
layer is responsible not only for carrier generation but also for carrier transport. The blend layer is of course good 
enough for carrier generation, but not for carrier transport: carrier mobilities in a blend layer are usually very low 
because carriers have to travel a long way inside the nanoscale network of the blend^^. Thereby we believe that 
performances of present OTFPs are self-limited by the bare blend based device structure. Additional layers with 
high carrier mobilities should be brought in to replace the low-mobility blend layer to transport the photo carriers. 
Theoretically, an ideal structure for OTFPs should been the PIN architecture which has been widely used in solar 
cells and photodiode^''^'. In this paper, we designed a PIN architecture for OTFPs: P3HT/P3HT:PCBM/PCBM. In 
such a PIN device, the P3HT:PCBM blend layer (Mayer), the P3HT layer (P-layer) and the PCBM layer (N-layer) 
are responsible for carrier generation, hole transport and electron transport, respectively. Since electron (hole) 
mobility in the PCBM (P3HT) film is much higher than that in the P3HT:PCBM blend film, the PIN photo- 
conductor exhibits excellent performance, R as high as 96.5 AW"^ is achieved (more than 100-fold improvement 
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Figure 1 | (a) Schematic illustration of the PIN photoconductor and the 
molecular structures of P3HT and PCBM. (b) The cross-sectional SEM 
image of the fabricated PIN layer, (c) Energy band diagram of P3HT and 
PCBM. 

over that of present reported OTFPs). D* (normalized detectivity), G 
(photoconductive gain) and LDR (linear dynamic range) of the PIN 
device are 5.69 X 10^^ Jones, 200 and 90 dB, respectively. To our 
knowledge, these values are all the highest records for OTFPs 
reported so far. 

The fabrication process of the PIN photoconductor is shown in 
Figure SI: a thick P3HT layer (—500 nm) was firstly spin-coated on a 
glass substrate, and is regarded as P-layer (P3HT usually exhibits 
high crystallinity and high hole mobility after solvent annealing^^). 
Then a PCBM layer (20 nm) was thermally deposited onto the P3HT 
film, a bilayer PN (P3HT/PCBM) structure is thus formed. During a 
soft solvent annealing process (put the bilayer P3HT/PCBM PN film 
into a closed vessel full of dichloromethane (DCM) stream for 60 s). 



the PCBM layer will absorb the DCM vapor and slowly diffuse into 
the P3HT layer, forming a P3HT:PCBM blend layer, which is 
regarded as the I -layer. Owing to the high solubility of PCBM in 
DCM and poor solubility of P3HT in DCM'^'^^ only about 40 nm 
I-layer (the thickness was measured by X-ray photoelectron spectro- 
scopy (XPS)) is formed on top of the thick P-layer (—500 nm). 
Finally, the designed PIN (P3HT-blend-PCBM) structure was 
obtained by thermally depositing another PCBM layer (20 nm thick, 
regarded as N-layer) on top of the PI (P3HT-blend) layer. To com- 
plete the device fabrication, 50 nm-thick Al electrodes were ther- 
mally deposited on the PIN film via a shadow copper grid mask 
(See Method for more details), resulting in a channel width of 
2000 |im and a channel length of 10 |im. 

A conceptual schematic of the PIN photoconductor and the 
molecular structures of the used organic materials (P3HT and 
PCBM) are illustrated in Figure la. Figure lb presents the cross- 
sectional scanning electron microscopy (SEM) of the PIN film. 
Different conductivity of organic layer shows different color in the 
SEM image. Here we believe the white color represents the PCBM 
layer, the dark color represents the P3HT layer and the gray color 
between the white and dark color should be I layer. The energy band 
diagrams of P3HT and PCBM are presented in Figure Ic, from which 
it can be clearly seen that the electrons will flow from P3HT into 
PCBM owing to the relative positions of their energy levels^^'^^. The 
surface evolution during the processes of PIN film formation is char- 
acterized by Atomic force microscopy (AFM) (shown in Figure 2). 
Known from the AFM graphs, the initial P3HT layer has very smooth 
surface (Figure 2a and 2e), after thermal deposition of PCBM onto 
the uniform P3HT film, small grains are formed (seen in Figure 2b, f). 
During the DCM solvent annealing process, the PCBM grains absorb 
the DCM vapor and diffuse into the underlying P3HT layer, forming 
the P3HT-blend layer (PI), such process produces a quite rough 
surface (seen in Figure 2c, g). Another deposited PCBM layer (N 
layer) fully covers the PI film and shows a similar roughness, which 
basically follows that of the underlying PI film (seen in Figure 2d, h). 

We performed X-ray diffraction (XRD) measurements on the 
pristine PCBM film (40 nm, thermally deposited), the pristine 
P3HT film (-500 nm), the PIN film and a spin-coated P3HT: 
PCBM blend film (-500 nm, weight ratio of P3HT to PCBM is 
1:1). The PCBM film does not show any XRD information, and 
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Figure 2 | AFM images for the top view of the P3HT, P3HT/PCBM, P3HT/blend and P3HT/blend/PCBM. (a), (b), (c), (d) for height and (e), (f), (g), 
(h) for phase. 



SCIENTIFIC REPORT: | 4 : 533 1 | DOI: 1 0. 1 038/srep0533 1 



2 




the rest three films all display two XRD peaks, which are from 
P3HT^^ (seen in Figure S2). We also analyzed the concentration - 
depth profile of the PIN film at the vertical direction (perpendicular 
to the surface) by using a well-established technique (slowly etching 
the prepared film from the surface accompanied with XPS measure- 
ment)^^. The chemical composition of the pristine P3HT film and the 
pristine PCBM film were first analyzed via XPS in order to facilitate 
the calculation of the P3HT and PCBM composition in the PIN film 
along the vertical direction. Figure S3a provides detailed information 
about the XPS test on the P3HT film, where the S 2p peak (located at 
163.17 eV) can be clearly seen, which is regarded as the character 
peak for P3HT. Figure S3b provides that of the PCBM film, in which 
the O 2p peak (located at 532.71 eV), the character peak for PCBM, is 
clearly shown. The XPS results on P3HT and PCBM are in well 
agreement with that reported by other research groups^^. By mea- 
suring the intensity of O Is and S 2p, the distribution of P3HT and 
PCBM along the vertical direction from the surface can be calcu- 
lated^^. The XPS results of the blend film and the PIN film are given in 
Figure S4a and Figure S4b, respectively. The calculated P3HT con- 
centration-depth profiles of the two films are presented in Figure 3a 
and Figure 3b, respectively. 

Seen in Figure 3a, the blend film gradually changes from P3HT- 
rich near the surface to PCBM-rich close to the substrate, consistent 
with the reported^^'^^. For the PIN film (shown in Figure 3b), the top 
—20 nm from the surface is consisted of only PCBM (without 
P3HT), the concentration of P3HT then starts to increase from 
0%, and reaches 100% when the depth from the surface reaches 
—60 nm, and it remains unchanged with further increasing the 
depth (for this reason, we only etched 140 nm from the surface for 
the XPS measurement). The results give a strong evidence that our 
film is indeed PIN structure: P3HT (-500 nm)/P3HT:PCBM blend 
(-40 nm)/PCBM (-20 nm). 

The UV-Vis absorption spectra and Photoluminescence (PL) 
spectra of the PCBM film, the P3HT film, the blend film and the 
PIN film are given in Figure 4. In the UV-Vis absorption spectra 
(Figure 4a), P3HT shows broad absorption in a range from 450 to 
620 nm, while PCBM mainly absorbs light in the UV region (peaks at 
347 nm). The PIN film and the blend film exhibit wide absorption 
covering that of both P3HT and PCBM. It is well-known that P3HT 
shows high PL intensity while PCBM is an extremely efficient PL 
quencher. When blending the polymer with the fullerene molecules, 
a strong reduction in the PL quantum yield is clearly seen. This 
phenomenon is induced by the efficient charge transfer between 
the polymer chains and fullerene molecules^^'^°. In Figure 4b it is 
apparent that the PL intensity for the PIN film is weaker than that 
of the P3HT film, which should be originated from the formation of 
the I layer. 



For a photoconductor device, it is well known that the light res- 
ponse is closely related to the responsivity R (a parameter character- 
izing the sensitivity of the device to light) and photo gain G (a 
parameter characterizing the creation of an electron-hole pair on 
absorption of a photon results in an increase in conductivity that 
persists for the excited carrier lifetime). R is defined by the following 
equation^ 



R = 



tight ~~ ^Dark 



he 



(1) 



Where lught is current under the illumination, loark is the dark cur- 
rent. Pill is the incident illumination power on the effective area 
(channel area), EQE is the external quantum efficiency, X is the 
wavelength of interest, q is the electron charge, h is the Planck con- 
stant, c is the speed of light and Tis the transmission of Hght through 
the film. G is defined as the ratio between the number of electrons 
collected per unit time and the number of absorbed photons per unit 
time, and can be expressed by the following equation^ 



G = 



(l^n + ^p) 



tE 



(2) 



Where ^„ is the electron mobility, fip is the hole mobility, t is the 
photo carrier lifetime, E is the electrical field and L is the device 
channel length. 

From the Equation (1) and (2), it is seen that both R and G are 
proportional to carrier mobility fi, we thereby fabricated field effect 
transistors (FETs) and extracted carrier mobilities in each films 
involved in this study (from their transfer curves shown in Figure 
S5), which are listed here: hole mobilities in the P3HT film and the 
blend film are 2.8 X 10"^ and 1.5 X 10"' cm2V"'s"\ respectively. 
Electron mobilities in the PCBM film and the blend film are 3.1 X 
10"^ and 1.8 X 10"^ cm^V"^s"\ respectively. These mobility values 
are consistent with the reported ones^^"^^. 

The performances of the fabricated photoconductors based on the 
PCBM film, the P3HT film, the blend film and the PIN film are 
compared under an incident light density of 10.6 jaWcm"^ at 
600 nm. The PCBM film shows very poor photocurrent (seen in 
Figure S6), and this should be induced by its large band gap 
(2.4 eV), low electron mobility (3.1 X 10"^ cm^V^s"^) and low 
conductivity^^'^^. The P3HT film has much higher photocurrent 
(seen in Figure 5a), which can be attributed to its small band gap 
(1.9 eV), high hole mobility (2.8 X 10"^ cm^V's"') and high con- 
ductivity^^'^^. Because of the high exciton binding energy in conju- 
gated polymers, thermal energy at room temperature is not sufficient 
to dissociate a photo exciton (typical with a binding energy of 0.4 eV) 
into free charge carriers^. The free carriers that form the photo - 
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Figure 4 | (a) Absorption spectra and (b) PL spectra of the PCBM film, the P3HT film, the blend film and the PIN film. 



current in the PCBM film and the P3HT film should come from 
photo exciton dissociation induced by the external electric field 
and impurity inside the film^^.The blend film shows much higher 
photocurrent in comparison to that of the P3HT film and the PCBM 
film (seen in Figure 5d). Considering that hole mobility in the blend 
film (L5 X 10"^ cm^V^s"^) is actually much lower than that in the 
P3HT film (2.8 X 10"^ cm'V's"'), and electron mobility in the 
blend layer (L8 X 10"^ cm^V^s"^) is also much lower than that 
in the PCBM film (3.1 X 10"^ cm^V^s"^), the larger photocurrent 
of the blend film obviously is induced by the greatly strengthened 
photo exciton dissociation, which produces much more free car- 



riers^'^'^°. The PIN film exhibits significantly higher photocurrent 
than the blend film (seen in Figure 5g). This can be understood in 
the following way: photo excitons are firstly dissociated at the P3HT/ 
PCBM interface in I -layer, electrons then would diffuse from the 
PCBM in the I -layer into the PCBM N-layer (on top) and holes 
would diffuse from the P3HT in the I-layer into the P3HT P-layer 
(on bottom) because of the higher carrier concentrations in the I- 
layer, which is the main source of the device to generate free carriers. 
Electrons then are transported in the N-layer and holes are trans- 
ported in the P-layer between the two electrodes under a bias. Since 
the N-layer has much higher electron mobility than that of the blend 
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Figure 5 | I-V curves, On/Off switching properties (at a bias of 10 V) and time resolved photocurrent (at a bias of 10 V) of the investigated devices 
under an incident light density of 10.6 ^Wcm~^ at 600 nm. (a, b, c) for the P3HT device, (d, e, f) for the blend device and (g, h, i) for the PIN device. 
Various parameters extracted from these figures are listed in Table 1. 
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Figure 6 | Comparison of light current between the P3HT device, the blend device and the PIN device: (a) spectral based light current, (b) LDR 
measured under an incident light at 600 nm. All of the measurements were done at a bias of 10 V. 



film (3.1 X 10"'vsl.8 X 10"^ cm'V's"'), and the P-layer has much 
higher hole mobility than that in the blend film (2.8 X 10"^ vs 1.5 X 
10"^ cm^V^s"'), the photocurrent is thereby greatly enhanced (in 
comparison to that of the blend film). It is worth noting here that 
holes in the P -layer should be collected by firstly transporting into the 
I-layer (40 nm, which is able to transport both electrons and holes), 
and then tunneling through the N-layer (20 nm). Also, in reality, the 
Al atoms could seep into the N-layer during thermal deposition, 
which plays a role of bring closer the I-layer and the electrode, and 
hence help holes transport through the N-layer. Similar charge trans- 
port can be found in literatures^ '"^^. We also fabricated photocon- 
ductors with PN structure (P3HT/PCBM) and PI structure (P3HT/ 
blend). For the PN structure, although the hole/electron mobility is 
high, the P (P3HT)/N (PCBM) interface is not sufficient enough to 
generate enough free carriers. For the PI structure, the electron 
mobility is low, limiting its photoresponse capability. Hence photo- 
responses of both the PN structure and the PI structure are weaker 
than the PIN structure (I-V curves shown in Figure S7). 

Figure 5b, e and h present the on-off switching characteristics (at a 
bias of lOV) of photoconductors based on the P3HT film, the blend 
film and the PIN film, respectively. The ON and OFF time durations 
are both 20 seconds for all the three devices. It is clearly seen that all 
the devices can be switched on and off repeatedly. Figure 5c, f and i 
present the light rise/decay information (at a bias of 10 V) of the 
photoconductors based on the P3HT film, the blend film and the PIN 
film, respectively. The rise/decay dynamic response of these devices 
can be described by two exponential equations from the time- 
resolved photocurrent response, which are widely used in the area 
of photoconductors^^ '*^ (The mathematical equations can be found in 
the Supporting Information and Methods section). The light rise/ 
decay experimental data can be well fitted by the two equations. For 
the P3HT device, the light rise time (switch-on) is 0.68 s and the 
decay time (switch-off) is 3.12 s. The photocurrent of the P3HT film 
mainly comes from photo-exciton dissociation induced by the 
external electric field and impurity inside the film^^. Owing to the 
fact that carrier trapping/detrapping process needs a long time, 
thereby the light rise/decay times is quite large for the P3HT device^^. 
For the blend device, the light rise/decay time is 0.49/1.01 s, smaller 
than that of the P3HT device due to the much faster free carrier 
generation and recombination processes: photo exciton is mainly 
dissociated and recombined via donor/acceptor interface in the 
blend film^^'^^. The PIN device exhibits shorter response/decay time 
of 0.26/0.84 s in comparison to that of the blend device, this can be 
attributed to the faster carrier transport process resulted from its 
much higher carrier mobilities. 

Figure 6a shows light current as a function of wavelength for the 
P3HT device, the blend device and the PIN device (under a bias of 
10 V and an incident light density of 10.6 jiWcm"^). It is seen that 
across all the investigated wavelengths, photocurrent of the PIN 
device is several orders higher than that of the P3HT device and 



the blend device, which further demonstrates the advantage of the 
PIN architecture. 

Except for R and G, the other three figure of merits for evaluating a 
photoconductor device are the normalized detectivity (D*, in units of 
Jones to characterize the sensitivity), signal to noise ratio (SNR) and 
the linear dynamic range (LDR, typically quoted in dB to measure the 
linearity of the photocurrent versus incident optical power). The D* 
can be expressed as^^: 

D*=rJ-^ (3) 

y 2qlDark 

Where S is the effective area under illumination. SNR is defined by 
the following equation^^: 

SNR=^iii!^lZl5^ (4) 

fcark 

LDR is given by the following equation^^: 

LDR = 20logf^) (5) 

VJDark/ 

Where Jught is the photocurrent density with a light intensity of 
1 mWcm"^, Jj:,ark is the dark current density. 

Based on Equation (1-4) and the experiment results shown in 
Figure 5, we calculated G, R, D* and SNR values of the P3HT device, 
the blend device and the PIN device as a function of voltage, and they 
are shown in Figure S8. It is seen that the PIN device displays much 
better performance than that of the P3HT device and the blend 
device. For example, at a bias of 10 V, the PIN device shows G, R, 
D* and SNR values (200, 96.5 AW'', 5.69 X 10^^ Jones and 1.14 X 
10^, respectively) much higher than that of the P3HT device (0.56, 
0.27 AW~\ 1.43 X 10^^ Jones and 27, respectively) and the blend 
device (1.81, 0.87 AW~\ 5.11 X 10'^ Jones and 101, respectively). 
Figure 6b shows the photocurrent vs incident light density at 600 nm 
for the three devices at a bias of 10 V, from which LDR can be 
calculated based on Equation (5). The calculated LDR of the PIN 
device is 90 dB (a value is typically required for most imaging appli- 
cations^°), which is largely improved compared with that of the 
P3HT device (62 dB) and the blend device (73 dB). All parameters 
for all the investigated devices in this paper under a bias of 10 V are 
listed in Table 1. These results clearly indicate that the PIN architec- 
ture has great advantages over that of the conventional blend-based 
organic photoconductors. 

Discussion 

In summary, a PIN architecture for ultrasensitive OTFPs is demon- 
strated. In the PIN photoconductor, free photo carriers are mainly 
generated in the I-layer (P3HT:PCBM), electrons in the I-layer then 
will diffuse into the N-layer (PCBM) and are then transported in the 
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Table 1 | Parameters of the investigated photoconductors extracted from Figure 5 and Figure 6 

Figure of merits T Rise [s] T Decay [s] G R[AW-^] D* [Jones] SNR LDR [dB] 

P3HT 0.68 3.12 0.56 0.27 1.43 x10^2 27 62 

blend 0.49 1.01 1.81 0.87 5.11 xlO^^ ^qI 73 

PIN 0.26 0.64 200 96.5 5.69x10^^ 1.14x10^ 90 



N-layer, while holes will diffuse into the P-layer (P3HT) and are then 
transported in the P-layer. Because the P-layer (N-layer) has much 
higher hole (electron) mobility than the conventional blend film, 
carrier transport is thereby greatly enhanced. The values of R, D*, 
G and LDR for the PIN photoconductor are 96.5 AW"\ 5.69 X 10'^ 
Jones, 200 and 90 dB, respectively, which are much higher than the 
conventional bare blend based device (0.87 AW"\5.11 X 10^^ Jones, 
1.81, 72 dB, respectively). These values represent the best results for 
OTFPs reported so far. It is clear that the performance can be further 
promoted by using organic materials with better absorption abilities 
and higher carrier mobilities. The PIN structure we designed here 
and the principle it demonstrated could open a new way for high- 
performance OTFPs. 

Method 

Material Preparation. All of the materials were purchased from Sigma- Aldrich and 
were used as received without further purification. The Corning Eagle XG glasses and 
N-doped silicon with 300 nm silicon dioxide were used as the substrates. 

Solution Ratio and Concentration. The concentration of the rr-P3HT solution and 
the blend solution (P3HT:PCBM ratio of 1 : 1) in o-dichlorobenzene were 40 mg/ml. 
The solution was stirred rigorously for ca. 24 h at 50°C. 

Device Fabrication. The P3HT film (-500 nm) and the P3HT:PCBM blend film 
(—500 nm) were formed by spin-coating the solution onto the substrate at 500 rpm 
for 5 seconds and subsequently at 1000 rpm for 30 seconds. The spin coated films 
were then left in a covered glass petri dish to dry the solvent out of the organic active 
layer. The coated organic film was then soft-baked on a hot plate at 1 10°C for 10 min. 
The PCBM film was formed by thermal deposition (40 nm at a rate of 0.05 nm/s). For 
the PIN film, a 20 nm thick PCBM was first evaporated onto the prepared P3HT film 
(—500 nm) and then put into a vessel for 60 s together with DCM (to generate DCM 
vapor to dissolve PCBM and bring PCBM mixing into P3HT). After thermally 
depositing another 20 nm PCBM, the PIN (P3HT-blend-PCBM) film is obtained. 
Photoconductor devices (for the PIN film, the P3HT film, the PCBM film and the 
P3HT:PCBM blend film) were fabricated on glass substrates while thin film 
transistors (TFTs) (for the P3HT film, the PCBM film, and the P3HT:PCBM blend 
film) were fabricated directly on Si02 (300 nm)/Si"^ substrate. After the films were 
prepared, the devices were completed with thermal evaporation of 50 nm-thick 
Aluminum electrodes through a shadow copper grid mask which results in a channel 
width of 2000 [im and a channel length of 10 [im (for testing the hole mobility in 
P3HT TFT, Gold electrodes instead of Aluminum electrodes were used). 

Measurement. Electrical characterizations were recorded with a Keithley 4200 and a 
Micromanipulator 6150 probe station at room temperature. The monochromatic 
light (produced by the spectrophotometer with a halogen-tungsten lamp) is from a 
Newport Oriel 200™. Prior to the use of the light, the spectral response and the light 
intensity were calibrated using a mono- silicon detector produced by the National 
Renewable Energy Laboratory (NREL). The device cross-sectional image was 
characterized by SEM (Hitachi S-4800). The AFM images were acquired using a 
Veeco NanoScope IV with a silicon cantilever in tapping mode. The XPS 
measurements were performed in a Kratos Ultra Spectrometer (a base pressure of 1 X 
10"'' Torr) using monochromatized Al Ka X-ray photons (hu = 1486.6 eV) 
discharge lamp. UV-vis spectra were recorded using JASCO V-570 
spectrophotometer and PL spectra were characterized using JASCO FP-6600 
spectrophotometer with a Xenon flash lamp. The phase identification was 
determined by using a Rifaku D/MAX-2004 XRD with Cu Ka radiation {X = 1.54178 
A) operating at 40 KV and 60 mA. 
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